This article studies the combustion of refined sunflower, virgin sunflower and virgin rapeseed oils in a low-pressure auxiliary air fluid pulverization burner in order to establish the optimal operating conditions. The influence of varying the type of vegetable oil, fuel flow rate and secondary airflow rate in the combustion process was analyzed. These three factors are independent in the combustion process, which means having to carry out numerous assays, combining the various factors with one another. Given the amount of variables to be optimized and the existence of three factors, a statistical approach is adopted to help interpret the results obtained and to evaluate how each factor influences the combustion results. Optimal combustion is determined based on three criteria, minimum pollutant emissions (CO, NOx and CxHy), maximum combustion performance, and minimum excess air. The result of this study showed that airflow was the principal factor affecting emissions, whereas for combustion performance, both factors (airflow and fuel flow) were determinant. In general, admissible combustion performances were obtained, with CO and NOx emissions below permitted levels. The best combustion performance was achieved under conditions of maximum fuel flow and minimum airflow rates.
Introduction
Combustion of vegetable oils (VOs) for heating purposes in industrial and domestic boilers has proven to be a viable alternative to fossil fuel resources. One of the advantages of burning VOs is the low NOx and SOx emissions due to the virtually non-existent nitrogen and sulfur content in VOs [1] , although NOx production also depends on the flame temperature reached in the combustion chamber. Moreover, in countries which lack oil resources, this process helps to put agricultural surpluses to good use. Nevertheless, the combustion of VOs in conventional burners indicates a number of limitations due to their high viscosity and low volatility, which could give rise to poor atomization and incomplete combustion. One alternative used to reduce the viscosity of VOs is to transform them into the corresponding methyl esters (FAME), through a reaction with methanol in basic medium. In this regard, several authors have performed combustion of pure biodiesel in several types of boilers: Bazooyar in a semi-industrial boiler, studied different areas: economic feasibility [2] , the possibility of reducing NO emissions [3] , combustion of biodiesel in utility power plant boilers [4] and the combustion performance of biodiesel in a semi-industrial boiler [5] . In addition, Pereira used a large-scale laboratory furnace [6] , Kermes burned biodiesel (EN 14213) in a light heating oil in a 1 MW Figure 1 . Photograph of the experimental facility. 1: Gas analyzer; 2: Combustion chamber; 3: Oil tank equipped with temperature control; 4: Burner; 5: Refrigeration air; 6: Valve system; 7: Diesel fuel tank.
Emissions of O2, CO, NOx, SOx and unburned hydrocarbons, CxHy, as well as flue gas temperature are directly measured in a TESTO 350M/XL gas analyzer, which has previously been calibrated. The technical characteristics of this analyzer are shown in Table 1 .
In addition, CO2 emissions was calculated as shown in Equation (1):
where excess air (λ) was determined based on the O2 concentration in flue gas [26] , read by the gas analyzer.
[C] is the kg of carbon per kg of fuel in the VO. This value was determined as ASTM 5291 standard method (Table 2) . V 0 air the volume of stoichiometric air per kg of fuel, and V 0 g the volume of stoichiometric flue gas per kg of fuel. Both parameters were calculated as procedure described in [26] .
The combustion performance (η) compared to the lower heating value (LHV) was defined as:
where, Cpg means specific heat of flue gases at constant pressure for flue gas temperature (kJ/kgfuel·ºC), m 1 g mass of non-stoichiometric flue gas per kg of combustible. Both parameters were calculated as procedure described in [24, 26] .
ta and tg are combustion air temperature and flue gas temperature at output, in (°C), respectively.
Both variables were measured directly in gas analyzer. Emissions of O 2 , CO, NOx, SOx and unburned hydrocarbons, CxHy, as well as flue gas temperature are directly measured in a TESTO 350M/XL gas analyzer, which has previously been calibrated. The technical characteristics of this analyzer are shown in Table 1 . In addition, CO 2 emissions was calculated as shown in Equation (1):
where excess air (λ) was determined based on the O 2 concentration in flue gas [26] , read by the gas analyzer.
[C] is the kg of carbon per kg of fuel in the VO. This value was determined as ASTM 5291 standard method (Table 2) .
V 0 air the volume of stoichiometric air per kg of fuel, and V 0 g the volume of stoichiometric flue gas per kg of fuel. Both parameters were calculated as procedure described in [26] .
where, Cp g means specific heat of flue gases at constant pressure for flue gas temperature (kJ/kg fuel · • C), m 1 g mass of non-stoichiometric flue gas per kg of combustible. Both parameters were calculated as procedure described in [24, 26] .
Energies 2019, 12, 2372 4 of 11 t a and t g are combustion air temperature and flue gas temperature at output, in ( • C), respectively. Both variables were measured directly in gas analyzer. In an effort to ensure the experimental results were obtained in the same facility operating conditions, a test method previously described by our research group was used [24] . Once the facility was put into a steady state with diesel, the burner operation parameters were established (fuel and air flow rates) and the facility was run with the VO pre-heated to 40 • C for about two minutes until steady state was reached. At this point, test data were read using the gas analyzer. After recording the data in the initial operating conditions, the operating parameters of the set-up were changed and data were taken for each of the scheduled tests. Once the programmed tests had been completed, the burner was fed with diesel fuel to clean the pipes and the session was concluded. The process is shown in the diagram in Figure 2 .
In all the experiments carried out, the pressure of the fuel injection pump was kept constant at 80 kPa, and the combustion chamber works with an overpressure of 20 Pa.
Physicochemical Characterization and Fatty Acids Profile of the VOs
The VOs produced in Spain from oleaginous plants are RpO and SfO. Both VOs were studied in this work in their virgin form, VRpO and VSfO, as well as their refined form RSfO. These VOs were supplied by the ACOR Oils and Oilseeds Processing Plant, at Olmedo a small town located 150 km north of Madrid, Spain.
The elemental analysis and physicochemical properties of these VOs are shown in Table 2 and were determined at the Castilla y León Regional Fuel Laboratory (LARECOM). The highest viscosity values, highest heating value and highest percentage of carbon correspond to VRpO. Nitrogen and sulfur content is negligible in all cases (<0.03% and 0.02%, respectively), given that VOs contain no organic nitrogen and sulfur compounds.
The fatty acid profile of each VO was determined using a gas chromatography technique in accordance with ISO 12966. As can be seen in Table 3 , the main components are Oleic, C18:1, Linoleic, C18:2, Linolenic, C18:3 and the saturated fatty acids, Palmitic, C16:0 and Stearic, C18:0. For VSfO and RSfO, the principal FA is linoleic (61.9% and 58.5%, respectively) followed by oleic (25.3% and 29.5%, respectively). As a result, both evidence a high degree of unsaturation (DU): 149.8 for VSfO and 147.1 for RSfO. Of the three VOs, VRpO displays the highest percentage of linolenic (7.6%), although its principal FA is oleic (62.9%). As a result, its DU is slightly lower than the former, displaying a value of 127.8. The three VOs evidence a low content of saturated FAs (S ≤ 12.1%).
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After recording the data in the initial operating conditions, the operating parameters of the set-up were changed and data were taken for each of the scheduled tests. Once the programmed tests had been completed, the burner was fed with diesel fuel to clean the pipes and the session was concluded. The process is shown in the diagram in Figure 2 .
In all the experiments carried out, the pressure of the fuel injection pump was kept constant at 80 kPa, and the combustion chamber works with an overpressure of 20 Pa. 
Physicochemical Characterization and Fatty Acids Profile of the VOs

Results and Discussion
Experimental Design
Tests were carried out selecting two fuel flow rates (C3, C6) and two secondary airflows (Amin, Amid). Secondary air flow can be adjusted by a fan dumper setting which controls the amount of air entering the combustion chamber. The fuel flows determined, in kg h −1 , for VSfO, RSfO and VRpO were, respectively, 6.1, 5.9 and 6.1 for C3, and 7.1, 6.9 and 7.1 for C6, respectively. The values of secondary airflows, in m 3 Both factors (fuel flow rate and airflow) were considered independent, and for each VO two fuel flow rates (C3 and C6) and two airflows (Amin and Amid) were studied. A total of thirty six different tests were performed, four for each VO. Three measurements were taken in each of the burner operating conditions in order to obtain the mean value, µ, the standard deviation, σ, and the coefficient of variation (CV) (defined as the ratio between the standard deviation and the mean value). Table 4 shows the response variables obtained experimentally for each of the VOs tested. SO 2 emissions were not included since values below 1 ppm were obtained in all the tests performed. The CO 2 emissions calculated ranged between 7.50% and 8.94%, although since VOs are a renewable energy source, these emissions only contribute minimally to global warming. The highest CO emissions were obtained in the combustion of RSfO (232 ppm for C6/Amin) although these values are below the maximum allowed by European legislation [27] (300 ppm). NOx 
Descriptive Statistical Analysis
A descriptive statistical analysis of the results was conducted establishing three premises on the response variable: obtaining the highest concentration of CO 2 (equivalent to performing combustion with the lowest possible excess air), emissions of CO, NOx and CxHy should be as low as possible, given their harmful effects to the environment and, finally, combustion performance should be as high as possible.
The factors used in the study were the following: the type of vegetable oil, secondary airflow, and fuel flow rates. This study analyzed how these factors affected the combustion response variables in accordance with the previously established premises. First, all the factors were considered to be significant in the response variables. Figure 3 shows how the emissions of each polluting gas (CO, NOx and CxHy) as well as the combustion performance varied for the three VOs depending on the different operating conditions for the burner. The highest CO emissions were obtained in the combustion of RSfO (232 ppm for C6/Amin) although these values are below the maximum allowed by European legislation [27] (300 ppm). NOx emissions ranged between 29 and 47 ppm in all the tests performed, these values being well below the maximum allowed by directive 2010/75/EU (150 ppm). Emissions of CxHy also fall within the permitted range of values, ranging between 125 and 230 ppm.
A descriptive statistical analysis of the results was conducted establishing three premises on the response variable: obtaining the highest concentration of CO2 (equivalent to performing combustion with the lowest possible excess air), emissions of CO, NOx and CxHy should be as low as possible, given their harmful effects to the environment and, finally, combustion performance should be as high as possible.
The factors used in the study were the following: the type of vegetable oil, secondary airflow, and fuel flow rates. This study analyzed how these factors affected the combustion response variables in accordance with the previously established premises. First, all the factors were considered to be significant in the response variables. Figure 3 shows how the emissions of each polluting gas (CO, NOx and CxHy) as well as the combustion performance varied for the three VOs depending on the different operating conditions for the burner. It can be seen how the behavior of the three VOs is quite comparable. CO emissions increased when the airflow was reduced for all of them. On the other hand, NOx emissions varied inversely and decreased when the airflow was reduced. Given that VOs contain no organic nitrogen compounds, NOx emissions come from dissociation of nitrogen in the air and the subsequent reaction with oxygen from air. Thus, NOx emissions rose as airflow increased in the combustion chamber. With regard to CxHy emissions, VSfO behaved differently to RSfO and VRpO. The lowest emissions were obtained under conditions C6/Amin for RSfO and VRpO. In contrast, VSfO provided the lowest values for C6/Amid. As for combustion performance, all the VOs present the highest value for conditions C6/Amin. It should be highlighted that although the highest CO emissions corresponded to the optimal conditions for the rest of the variables (C6/Amin), the values obtained are below those allowed by European legislation. In an effort to simplify a comparative study of the results obtained, the authors decided to analyze the mean values of each response variable for each of the factors tested (VO, fuel flow rate and airflow). Bearing in mind the fairly similar behavior of the VOs tested (see Figure 3) , the first VO is not regarded as a significant factor. Therefore, considering secondary airflow and fuel flow rates as the only significant factors, the mean values of the measurements obtained for the three VOs were calculated. In this descriptive statistical study, a coefficient of variation, CV, less than 20% was considered admissible [28] since the variation of the measure above this value would indicate that the factor is not significant (see the Supplementary Materials). Figure 4 shows the mean values of the polluting emissions (CO, NOx, CxHy) and combustion performance in terms of airflow and fuel flow. It can be seen that although the lowest CO emissions were obtained for the Amid conditions, those for NOx increased in these conditions, as explained above. CxHy emissions displayed no clear trend, although the lowest values, as with NOx, correspond to C6/Amin conditions. These conditions also resulted in the highest combustion performance values.
It
With regard to CxHy emissions, VSfO behaved differently to RSfO and VRpO. The lowest emissions were obtained under conditions C6/Amin for RSfO and VRpO. In contrast, VSfO provided the lowest values for C6/Amid. As for combustion performance, all the VOs present the highest value for conditions C6/Amin. It should be highlighted that although the highest CO emissions corresponded to the optimal conditions for the rest of the variables (C6/Amin), the values obtained are below those allowed by European legislation.
In an effort to simplify a comparative study of the results obtained, the authors decided to analyze the mean values of each response variable for each of the factors tested (VO, fuel flow rate and airflow). Bearing in mind the fairly similar behavior of the VOs tested (see Figure 3) , the first VO is not regarded as a significant factor. Therefore, considering secondary airflow and fuel flow rates as the only significant factors, the mean values of the measurements obtained for the three VOs were calculated. In this descriptive statistical study, a coefficient of variation, CV, less than 20% was considered admissible [28] since the variation of the measure above this value would indicate that the factor is not significant (see the supplementary materials). Figure 4 shows the mean values of the polluting emissions (CO, NOx, CxHy) and combustion performance in terms of airflow and fuel flow. It can be seen that although the lowest CO emissions were obtained for the Amid conditions, those for NOx increased in these conditions, as explained above. CxHy emissions displayed no clear trend, although the lowest values, as with NOx, correspond to C6/Amin conditions. These conditions also resulted in the highest combustion performance values.
Two statistical studies were performed which considered the type of VO as a significant factor, and the fuel flow and then the airflow as a non-significant factor (the mean value, standard deviation, and CV can be found in the supplementary materials). Two statistical studies were performed which considered the type of VO as a significant factor, and the fuel flow and then the airflow as a non-significant factor (the mean value, standard deviation, and CV can be found in the Supplementary Materials).
The graphic representation of these results ( Figure 5 ) allowed us to evaluate the effect of each factor. The greater the inclination of the line, the greater the effect the factor has on the corresponding response variable. For CO and NOx emissions, a greater influence of airflow compared to fuel flow could be seen for the three VOs studied. CO emissions decreased when the airflow increased, whereas for NOx emissions, the opposite trend emerged. There was virtually no change in either type of emission when the fuel flow was modified. For CxHy emissions, it could be seen how both the airflow and the fuel flow had a significant influence on emissions levels. With regard to fuel flow, the three vegetable oils evidenced similar behavior, with lower emissions being obtained for C6. In regards to airflow, RSfO and VRpO displayed a similar trend, with lower emissions for A min. The behavior of VSfO is anomalous and the opposite trend emerged. As for combustion performance, the similar inclination of the two lines showed that both factors proved significant for this variable, with maximum values obtained for C6/A min. The best combustion performance was achieved for VRpO. This result 
Conclusions
The combustion tests carried out show that the three biofuels used (VSfO, VRpO and RSfO) display similar behavior in the combustion process. This highlights the fact that the ARCO (BR5) burner is suitable for performing combustion of virgin vegetable oils. This represents a major cost saving, since no refining process is required.
In general, concentrations of CO, NOx and CxHy in the flue gas are below the limits established by European legislation.
The optimal burner operating conditions were maximum fuel flow (C6) and minimum airflow (Amin). In these conditions, the lowest NOx emissions and the highest combustion performance for the three VOs studied (VSfO, RSfO and VRpO) were obtained. Although the CO emissions were the highest for these conditions, the values obtained remained below the lowest limit established (≤300 ppm).
A statistical descriptive analysis was performed to determine which factor (VO, fuel flow and air flow) is most influential in the combustion results. Findings show that of the two factors studied, airflow has the greatest influence on CO and NOx emissions. Both types of emissions evidenced opposing trends: NOx emissions fell when airflow dropped, whereas CO emissions increased. As for CxHy emissions and combustion performance, both factors proved to be determinant factors. Combustion performance improves as fuel flow increases and airflow decreases. Emissions of CxHy follow no clear trend.
In summary, the burner used is suitable for using virgin VOs as biofuels and provides extremely low NOx and acceptable CO emissions with good combustion performance.
Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/12/2372/s1, Table S1 : Technical characteristics of the Testo 350M/XL Gas Analyzer. Table S2 : Variations of gas emissions with fuel flow and secondary airflow of each VO studied considering the VO not to be a significant factor (mean values, standard deviation and CV). Table S3 : Variations of gas emissions and combustion performance in the different burner operating conditions considering the type of VO as a significant factor, and the fuel flow (right) and then the airflow (left) as a non-significant factor (mean values, standard deviation and CV).
